The growth in the capacity of electric power system creates a demand for the protection of relaying systems. Optical current transducers-OCT that are mainly made up of single mode optical fibers which are subjected to Faraday rotation are used as a replacement for electromagnetic transducers due to their immunity to electromagnetic interference. However, the principal parameter in this system, the sensitivity to magnetic fields or current, depends on the Verdet constant, which is low in the case of optical fibers. However, the optical path length can be increased to compensate for it by winding the fiber around a current carrying element a large number of turns. In this work, we study a current sensor, which is made up of a conductor coil with a fiber inside, thus increasing sensitivity. We study the effect of the inhomogeneity of the magnetic field induced by the current on the sensitivity of the optical fiber sensor.
Introduction
The protection of relaying systems is a prominent task for optical current sensors. These sensors can recognize sudden failures, such as surges, and identify the failure parts in the power systems. These relaying systems require current sensors, which are mostly electromagnetic devices that suffer from magnetic saturation effects and residual field effects. Recently several studies use optical current sensors as replacement for these established systems. Optical current sensors with mainly optical fibers do not suffer from electromagnetic interference, has light-weight and small size, and possess a low susceptibility to environmental influences [1] .
The concept of the optical sensors is the magnetooptical principle. Thus, it is named magneto-optical sensor (MO). The magneto-optical sensor is based on the Faraday rotation effect [2] , which states that the polarization of light waves is rotated with the propagation of the light along (or opposite to) a magnetic field inside some material. This rotation depends on the Verdet constant which a property of the material as well as the strength of the magnetic field and the optical path. Several studies have been performed to modify the performance of MO sensors, see for example [3, 4] . In contrary to some bulk materials, the Verdet constant of optical fibers is quite small [5] . However, this can be compensated for by introduced magneto-optical fiber gratings based on magnetooptical materials [6] and [7] or by increasing the optical path by winding the fiber around a current conducting element a large number of turns. A different possibility is to wind the conductor several times around the straight fiber, thus creating a coil like configuration.
In optical fiber sensors, linearly polarized optical waves are input to the optical fiber. The linear polarization can be expressed mathematically as a superposition of two circular polarizations (right-hand and left-hand). The magnetic field induced around a current carrying element induces a circular birefringence inside the optical fiber coil. Hence, after passing through the coil, a relative phase difference between two circular polarization components is generated, which results in the rotation of the linear polarization angle in proportion to the enclosed current and the number of fiber turns. Figure 1 shows an example of MO sensor system where the fiber is passing through the axis of a solenoid of radius R and possessing N coils. In Figure 1 , the unpolarized light from a light source in this case a SLD passes through a linear fiber polarizer. The output light of the polarizer passes through a polarization controller and then into a fiber placed in the axis of the solenoid. The current passes through the coils of the solenoid from the current sources and produces a magnetic field, which will rotate the polarization of the light passing through the fiber. The output polarization is measured using a polarization measurement system and the results are transmitted to a personal computer.
In current calculations, the magnetic field inside the solenoid is assumed to be constant. This approximation is true in the case of an infinitely long solenoid. However, the solenoid, which is used in MO sensors, has a finite length. As a result, this might lead to a discrepancy between the theory and the measurement. The purpose of this work is to show this discrepancy for the short solenoid. The next Section 2 is dedicated to review Faraday rotation. Section 3 introduces the system and Section 4 represents the main principles of the MO sensors. A summary and conclusion is given in Section 5.
Faraday Rotation
The Faraday effect describes the rotation if the plane of polarization of a light wave as it propagates through a medium subjected to a magnetic field parallel to the direction of propagation of the light. The Faraday effect in single mode fibers permits a fast response for current sensing on hight-voltage transmission lines if sufficiently long fibers can be used [8] [9] [10] . In an ideal nonbirefringent fiber of length L F , wound in N F turns of radius r around a conductor carrying a current I, the Faraday effect will rotate the plane of polarization for an incident linearly polaized light beam through an angle θ F which is proportional to the magnetic field strength H , and the Verdet constant V.
The Verdet constant can be utilized as an indicator for day rotator. It is defined as the rotation per unit path, per unit field strength [11] .
the suitability of a magnetic material for its use as Fara-
System Architecture
The magnetic field strength H induced by an electrical be current in a conductor can calculated by the BiotSavart law 
where μ 0 is permeability of vacuum, l c is the length elet the fiber is passing al ment of the conductor, and r the displacement vector from the element to the field point.
The configuration we have is tha ong the axis of a solenoid, named the z-axis. The solenoid have length L S and N S turns of radius R. The center of the coordinate axis is chosen to be the center of the solenoid. The magnetic field strength H is calculated at a point (X, 0, Z) from the solenoid cen to be ter
where N S is defined as the length of the solenoid L S di- vided by the thickness of the constructing wire of the solenoid W S ,
and
In the calculation of the magnetic field the y com is equal to zero due to the symmetry of the problem ponent . Equation (3) can be formulated in terms of Elliptic functions E(m) and K(m)
where
and m is
The sensitivity S = dθ/dI is calculated as follows,
In Equation (11) 
MO Sensor with the Fiber Passi through the Center of the Solenoid
In this section, we consider a special case where assing through the center of the solenoid. In th the magnetic field at a point along the z axis can simply calculated from Equation (3) or Equation (7) by simply define X = 0
(1 Equation (13) is simplified for a very long soleno be
The sensitivity can be calculate and (12) yielding
while the approximated sensitivity S a as Equation (14) is Figure 2 shows the magnetic f solenoid as calculated from the exact formula 14 and the ap ield at the center of the proximated formula 15. It is clear that the field extended at the ends of the solenoid in the exact calculation as compared to the approximated calculation. Figure 3 and Figure 4 illustrate the sensitivity as a function of the length of the solenoid. In Figure 3 , which represents the sensitivity for short solenoids, illustrates that the calculated sensitivity from the exact formula is different from the sensitivity as calculated from the approximate formula. However, the two values of the sensitivity match for long solenoids as represented by Figure 4 .
Summary and Conclusion
sensitivity of an optical current senso work. The sensor consists of an optical fiber situated at the longitudinal axis of the solenoid. The results show that the sensitivity as calculated from exact calculation of the magnetic field differs from the sensitivity calculated using an approximate calculation of the magnetic field for short solenoids. For long solenoids the two values coincides.
